Acute myeloid leukemia (AML) is associated with a low survival rate. Therefore, new therapeutic strategies may prove effective in addition to chemotherapy.
Introduction
Acute myeloid leukemia (AML) is associated with a low survival rate. Therefore, new therapeutic strategies may prove effective in addition to chemotherapy.
The deregulation of several signal transduction pathways is a common feature in AML. The phosphatidylinositol 3-kinase (PI3K)/ Akt pathway is activated in AML blast cells. [1] [2] [3] [4] [5] We showed previously that the p110 ␦ isoform of PI3K is a potential therapeutic target and that the p110 ␦-selective inhibitor IC87114 blocks AML cell proliferation. 6, 7 The mammalian target of rapamycin (mTOR) is activated in response to stimuli activating the PI3K pathway, 8 and mTORC1 inhibitors may have therapeutic value in the treatment of patients with AML 9, 10 ; however, rapamycin alone led to modest antileukemic activity. 10 We investigated the effect of the mTORC1 inhibitor RAD001 (Everolimus; Novartis Pharmaceuticals, Basel, Switzerland) in 19 bone marrow samples from patients with newly diagnosed AML. We show that mTORC1 inhibition with RAD001 increased Akt activating phosphorylation, as a result of up-regulated expression of the IRS-2 protein adaptor that promoted insulin-like growth factor-1 (IGF-1) /IGF-1R signaling. Moreover, we show that the enhanced activation of Akt was dependent on the IGF-1 autocrine production by leukemic cells. Our results provide a rationale for combined inhibition of both mTORC1 and PI3K/Akt pathways in AML, and we observed an additive effect of both RAD001 and IC87114 on blast cell proliferation.
Methods
Bone marrow (BM) samples were obtained from 19 patients with newly diagnosed AML, all treated in the AML2001 chemotherapy trial, initiated by the French Multicenter Group, Groupe Ouest Est des Leucémies et Autres Maladies du Sang (GOELAMS). All biologic studies were approved by the GOELAMS Institutional Review Board, and signed informed consent was obtained in accordance with the Declaration of Helsinki. The clinical characteristics of patients are summarized in Table S1 (available on the Blood website; see the Supplemental Materials link at the top of the online article). All patients presented a constitutive activation of Akt at diagnosis, as reported previously. 5 Cells were incubated with the following inhibitors: RAD001 (Everolimus) kindly provided by Novartis, IC87114 provided by ICOS (Bothell, WA), LY294002 from Sigma (St Louis, MO), and ␣IR3 from Calbiochem (La Jolla, CA). IGF-1 was from Sigma. Expression of total and phosphorylated proteins was detected by Western blot (WB) analysis as reported previously. 7 The references for the antibodies are summarized in Table S2 . Immunofluorescence staining for IGF-1 expression and quantitative reverse transcription-polymerase chain reaction (RT-PCR) were performed on blast cells, sorted according to their CD45 low expression and side scatter (see Document S1 for details). Blast cell The publication costs of this article were defrayed in part by page charge payment. Therefore, and solely to indicate this fact, this article is hereby marked ''advertisement'' in accordance with 18 USC section 1734. In independent experiments, 5 ϫ 10 5 /mL blast cells from patients G192 and G194 were incubated without or with RAD001 for 24 hours, in ␣-MEM with 10% fetal calf serum (FCS). RAD was used at 10 nmol/L for sample G192, and at 10, 50, or 100 nmol/L for sample G194. WBs were performed with anti-phospho-Akt (ser 473), anti-phospho-p70S6 kinase (thr 389), anti-phospho-S6R (Ser 235/236), and anti-Akt antibodies. (C) RAD001 increases IGF-1-stimulated Akt phosphorylation in AML blast cells. BM blast cells from patients G179, G194, and G149 were starved for 4 hours in serum-free MEM, without or with 10 nmol/L RAD001, then stimulated or not with 50 ng/mL IGF-1 for 10 minutes. WBs were performed with anti-phospho-Akt (Ser 473) and anti-Akt antibodies. (D) AML blast cells express IGF-1 at the RNA and protein level. BM blast cells from 8 patients were highly purified by flow cytometry cell sorting according to CD45low expression and side scatter. The MOLM-14 AML cell line was used as negative control, and the OPM2 myeloma cell line was used as a positive control for IGF-1 expression. IGF-1 mRNA expression was quantified in the purified blast cells by quantitative RT-PCR, and their levels were expressed relative to HPRT (hypoxanthine phosphoribosyl transferase) mRNA levels. Similar results were obtained using another housekeeping gene, UBCV (C ubiquitin; data not shown). Immunofluorescence staining was performed on purified blasts for the same 8 patients mentioned above, and on MOLM-14 and OPM2 cell lines, using a mouse monoclonal anti-IGF-1 antibody and fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse antibody. Nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI). Images obtained from the representative patient G102 and from MOLM-14 and OPM2 cell lines are presented. (E) The mTORC1-mediated positive feedback on PI3K/Akt activity involves the IGF-1 receptor. BM blast cells from patients G179, G194, G199, and G205 were starved for 4 hours in serum-free MEM. Cells were incubated in the following conditions: medium alone, 10 nmol/L RAD001 for 1 hour, 10 nmol/L RAD001 for 1 hour plus, and 5 g/mL ␣IR3 (added 30 minutes before RAD001). WBs were performed with anti-phospho-Akt (Ser 473) and anti-Akt antibodies. ␣IR3 is a blocking mouse monoclonal antibody directed against the alpha subunit of the IGF-1 receptor and was obtained from Calbiochem. (F) mTORC1 inhibition by RAD001 increases the expression of the IRS2 adaptor. BM blast cells from patients G72, G99, G189, and G191 were starved for 4 hours in serum-free MEM then incubated with or without RAD001 (10 nmol/L) for 1 hour. WBs were performed with anti-IRS2 and anti-actin antibodies.
380
TAMBURINI et al 
Results and discussion
This study was conducted in an attempt to inhibit Akt and mTORC1 phosphorylation in AML samples. We compared the effect of 3 kinase inhibitors, (1) IC87114, 7 (2) LY294002, and (3) the rapamycin derivative RAD001, in fresh BM blast cells from patients with AML presenting constitutive PI3K activation. 4, 7 We observed that IC87114 and LY294002 totally suppressed Akt phosphorylation, whereas, in contrast, RAD001 substantially increased Akt activation. The enhancement of Akt phosphorylation in the presence of RAD001 (mean 86%) was detected in all 19 AML samples ( Figure 1A) . Furthermore, increased Akt activation was maintained after a 24-hour incubation with 10 nmol/L RAD001 ( Figure 1B , sample G192) and also with RAD001 at higher concentrations ( Figure 1B , sample G194). Thus, RAD001 treatment led to an increased Akt activation in all AML samples presenting constitutive PI3K activation. Because mTORC1 has been reported to inhibit Insulin/IGF-1 signaling, 11 we hypothesized that the IGF-1/IGF-1R pathway could play a role in the RAD001-induced Akt activation in AML cells. We found that exogenous IGF-1 stimulation increased Akt phosphorylation and that RAD001 increased IGF-1-stimulated Akt phosphorylation in AML samples ( Figure 1C) . Because BM cells were cultured in serum-free medium and harbored a functional IGF-1R, we analyzed the production of IGF-1 inside the leukemic cells. To that end, we purified the blast cell population by flow cytometry cell sorting as described previously. 4 IGF-1 expression was detected at the mRNA level, and the IGF-1 protein was detected by immunofluorescence analysis in all samples tested ( Figure 1D ). From these data, we concluded that an autocrine production of IGF-1 was constantly observed in primary AML blast cells. We inhibited the interaction between IGF-1 and its receptor with a neutralizing monoclonal antibody ␣IR3, directed against the ␣-subunit of IGF-1 receptor. 12 As shown in Figure 1E , blocking the IGF-1/IGF-1R interaction reversed the RAD001-induced increase of Akt phosphorylation. These data strongly suggest that the enhancement of Akt phosphorylation in response to RAD001 treatment involved the IGF-1R in leukemic cells. mTORC1 activity down-regulates insulin/IGF-1 signaling through proteasome-mediated decrease of IRS adaptor proteins. [13] [14] [15] To confirm the involvement of the IGF-1R in the mechanism of Akt activation, a variation of IRS-2 expression after treatment with RAD001 was evaluated in AML samples. RAD001 treatment led to a significant increase of IRS2 protein expression, which in each case paralleled the level of RAD001-induced Akt phosphorylation ( Figure 1F) .
We have shown that IC87114, a PI3K p110␦-selective inhibitor, suppressed AML cell proliferation. 7 On the other hand, we observed that the blockage of PI3K by IC87114 did not inhibit mTORC1, as assessed by the persistence of P70S6K phosphorylation ( Figures 1A and 2A) . Thus, these pathways seem to be independent in AML, thereby allowing us to assess the rationale of a treatment combining 2 inhibitors. We tested the effect of the association of RAD001 and IC87114 on blast cell proliferation. RAD001 and IC87114, when used alone, inhibited blast cell proliferation to the same level in our series of 19 patients. However, the concomitant inhibition of both pathways with RAD001 and IC87114 resulted in a significant additive antiproliferative effect, compared with the effect of each compound alone (P Ͻ .001) (Figure 2A ). The additive effect of PI3K and mTOR inhibitors was confirmed in dose response curves for the 2 compounds, in 4 AML samples ( Figure 2B ).
In summary, our study shows that mTORC1 inhibition enhanced Akt activation in AML cells and may contribute to limit the efficacy of rapamycins when used in monotherapy, as described in other systems. 16 It has been reported that a 24-hour exposure to rapamycin may impair mTORC2 assembly and, subsequently, down-regulate Akt phosphorylation. 17 Similar observations were made by this group in primary AML samples treated with CCI-779 (temsirolimus; Wyeth-Ayerst Pharmaceuticals, Princeton, NJ). 18 In our hands, Akt activation was unchanged after 24-hour incubation For personal use only. on September 13, 2017 . by guest www.bloodjournal.org From with RAD001, even at higher RAD001 concentrations ( Figure  1B) . The reasons for this discrepancy are unknown. It is possible that the culture conditions for primary blast cells were different; alternatively, CCI-779 could be more active on a prolonged incubation period than RAD001 or could have additional side inhibitory effects.
In conclusion, our results show that autocrine IGF-1 signaling is present in primary AML blast cells and is responsible, at least in part, for the effect of RAD001 on mTORC1-mediated PI3K/Akt up-regulation. Our results provide a molecular basis for understanding the increased Akt activation induced by mTORC1 inhibitors and suggest that a combined therapeutic strategy targeting both PI3K and mTORC1 pathways might be useful in patients with AML.
